Trans-10, cis-12 conjugated linoleic acid causes inflammation and delipidation of white adipose tissue in mice: a microarray and histological analysis cytokines levels, including those of tumor necrosis factor (TNF-␣) and interleukins 6 and 8 (IL-6 and IL-8) are increased in response to CLA (4, 50) .
At the cellular level, evidence supports either apoptotic loss of cells (11, 18, 34, 50) or reduced triglyceride (TG) content in surviving adipocytes (11, 50) . Cumulative cellular TG levels respond to changes in the balance of the cellular energy import, export, or expenditure. Transcripts of genes involved in glucose import and fatty acid biosynthesis are reduced in CLAtreated cells (47, 50) . Key metabolic genes that are downregulated by CLA include glucose transporter 4 (Glut4), acetylCoA carboxylase, and fatty acid synthase, whereas key regulatory genes that are downregulated include sterol regulatory binding protein 1 (SREBP1), peroxisome proliferator activated receptor (PPAR)-␥, and CCAAT/enhancer binding protein (C/EBP)-␣ (see Ref. 22 for a recent review). Microarray analyses of the genomic response of polygenic obese and control mice generally confirmed the above observations at the level of gene expression 5 and 14 days after CLA treatment in adipose tissues (21) . Despite the considerable progress at describing the molecular responses to CLA its primary site of action is still unknown.
In the present studies, we analyzed the retroperitoneal (RP) WAT of C57BL/6J mice fed t10c12 CLA for times ranging from 1 to 17 days. Cellular and gene expression changes were determined using histological examination and microarrays capable of detecting ϳ34,000 transcripts. Delipidation and cell loss both occurred, and up to 4,216 transcript levels changed by twofold or more (P Ͻ 0.01). These genes were grouped into biochemical and signaling pathways to explain the cellular changes observed in the WAT.
were analyzed with the PROC MIXED procedure of SAS (SAS Inst., 2003) as a 7 ϫ 2 factorial with heterogeneous variances across days. The model included main effects for days and treatment along with the day by treatment interaction. Contrasts were used to compare control and t10c12 CLA-fed mice within day.
Histological and Immunofluorescence Microscopy and Quantitative Image Analysis
Each pair of the RP tissues from mice fed either control or t10c12 CLA diets for 14 days (six mice for each control and treatment group) was isolated, weighed, and immediately fixed for quantitative image and immunochemical analyses. One of the two RP tissues from each of the mice was fixed in 3.7% formaldehyde in PBS and processed for paraffin embedding, sectioning, and standard hematoxylin and eosin (H&E) staining. These H&E-stained sections were used for quantitative measurement of the mean diameters of adipocytes. The number of adipocytes, defined as the cells containing empty areas from which the fat contents were removed during the dehydration process, in a fixed area was counted, and the cell diameter was determined from sections of each individual RP section for a total of 63 images each for control and treated samples, using a SoftImaging image analysis program (Olympus).
The other RP fat pad from each mouse was fixed in 2.5% glutaraldehyde in PBS, washed, and stained with 1% Sudan black dye (for visualizing the fat content) in PBS containing 0.5% Triton X-100 at room temperature for 3 h. This set of RP tissues was washed in PBS and stained with 2 M Sytox green (for visualizing the DNA in the nucleus) in PBS containing 0.5% Triton X-100 overnight at 4°C. The stained sections were then used for quantitative comparison of numbers of cells, as determined by the density of the stained nuclei in a given volume, in each of the RP tissues.
To determine the cell density of the RP tissues a series of 512 ϫ 512 frames from confocal optical images was collected with a ϫ10 lens using a Z-step of ϳ5 m for ϳ40 -50 m in depth using an Olympus FV confocal laser scanning system on an IX80 inverted microscope. Dual laser lines were used to collect two color images simultaneously: a 405-nm line was used for fluorescence of fat content stained with Sudan black dye and a 488-nm line for Sytox greenstained nuclei. Final extended focusing images (four from the larger control tissues and three from the smaller treatment tissues for each mouse RP tissue) covering 1,200 m ϫ 400 m ϫ 40 m regions of the RP tissues were used for quantitative image analysis with a SoftImaging image analysis program (Olympus). The numbers of nuclei within the areas of fluorescence were determined from each image, and an average cell density was obtained from 24 control images and 18 treated images.
For immunofluorescence labeling of macrophages, paraffin sections from the same adipose tissues used for morphological analysis were processed for conventional immunofluorescence labeling using rat antibodies to mouse CD68 (1:50 dilution; Serotec, Raleigh, NC), a known marker for monocytes and macrophages. Cy5-conjugated goat anti-mouse IgG secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were used for fluorescence detection of the CD68, and a DNA-staining fluorescent dye Sytox green (Molecular Probes) was used for nuclear counterstain. We collected 50 images from each group (control and t10c12 CLA-treated), and CD68-labeled cells were counted and averaged.
RNA Isolation and Labeling
RNA for each time point was isolated from two control and two treatment samples for analysis on four microarrays. The two control and two treatment samples consisted of RP tissues from five pooled mice for each sample, requiring a total of 20 mice for the four samples taken at each time point. Total RNA was extracted from the frozen RP tissues of each sample using TRIzol (Invitrogen) reagent. We used 15 g of total RNA to produce labeled cRNA for hybridization to Affymetrix GeneChip Mouse Genome 420 2.0 arrays with the manufacturer's protocols (Affymetrix).
Microarray Data Analysis
Affymetrix GeneChip Operating Software generated the image and probe set signal values as cel files, and the cel files were processed with the affy package (13) using the robust multiarray analysis (RMA, Ref. 24 ) to generate normalized signal values. The RMA signal values were log2 transformed. The arrays were screened for outlying arrays by plotting the M ϭ (X Ϫ Y) and A ϭ (X ϩ Y)/2 values for pairs of arrays where X and Y are the transformed RMA expression values. One of the day 2 control arrays was inconsistent with the other arrays on day 2 and that array was removed from further analysis. To detect differentially expressed genes the transformed RMA expression values were analyzed with an empirical Bayes linear model (45, 46) . The linear model included fixed effects for days and treatment nested within days. A gene was viewed as differentially expressed on a given day either if it had a large effect on that day or if it had a consistent effect with an adjacent day. A single day effect was quantified by the moderated t-statistic for the treatment effect on that day. A consistent effect with 2 days was quantified as the minimum moderated t-statistic for the 2 days. A consistent effect between adjacent days was then defined to be the maximum of the effects for a day before and the day after. A P value for a gene being differentially expressed on a day was then calculated as the probability of obtaining a value smaller than the observed minimum of the single day P value and the consistent effect P value if the gene was not differentially expressed. A gene was considered differentially expressed if the false discovery rate-adjusted P value was Ͻ5%. The series record of the data submitted to the National Center for Biotechnology Information Gene Expression Omnibus is GSE4671.
Pathway analysis. The sorted lists of up-and downmodulated genes containing the Affymetrix probe set identifiers and their averaged signal log ratios (log2) were entered into the Ingenuity Pathway Analysis software (Ingenuity Systems, www.ingenuity.com) to help organize them into known biological pathways. When probe sets redundantly represented a single gene, the probe set with the maximum signal log ratio was used in the analysis. Probability scores for each network or functional grouping are calculated as to the chances of the mRNA abundance changes predicting these interactions and networks. A full discussion of the statistical methodologies employed can be found in the supplemental files of Calvano et al. (6) .
Quantitative RT-PCR. First-strand cDNA synthesis used Moloney murine leukemia virus reverse transcriptase and 0.5 g of total RNA primed with oligo (dT) 17 (Invitrogen) . The single-strand cDNA pool was diluted 10-to 100-fold and used as template for quantitative real-time PCR. Relative levels of the target mRNAs were determined using a Bio-Rad iCycler iQ and the iQ SYBR Green Supermix reagent. The target mRNA was normalized relative to the levels of the housekeeping gene ␤2-microglobulin.
RESULTS

T10c12 CLA Causes Significant Loss of Adipose Tissue Without Body Weight Loss or Reduced Feed Intake
Neither body weight nor feed intake was influenced by t10c12 CLA (Fig. 1A and Supplemental Fig. 1 ; the online version of this paper contains supplemental data). Conversely, weights of the RP and EP fat pads from t10c12 CLA-fed mice were Ͻ25% of the control (Fig. 1B) .
T10c12 CLA Treatment Causes Lipid Depletion and Cell Loss in RP Tissues
Fixed RP tissue sections were stained with Sytox green to visualize the nuclei (Fig. 2, A and B) and Sudan black to visualize the adipocytes (data not shown). We found nuclear densities of 1.5 and 5.7 nuclei per 353 m 3 for the control (n ϭ 6 mice, 24 images) and t10c12 CLA-treated tissues (n ϭ 6 mice, 18 images), respectively. The average weights of the control (n ϭ 6) and t10c12 CLA-treated RP tissues (n ϭ 6) were 157 and 23 mg, respectively. The almost fourfold increase in cell density is offset by the 6.8-fold reduction in tissue weight such that the t10c12 CLA-treated RP tissues contained only 53% of the number of total cells in the control tissue due to the much smaller mass of the t10c12 CLA-treated tissue.
H&E-stained sections were used for quantitative measurement of the cell diameters of the adipocytes. The average diameter of the adipocytes (measured from 63 frames of images from 6 mice from each group) was reduced from 46 m for the control to 17 m for the t10c12 CLA-treated cells. This corresponds to a 95% reduction in cell volume. The reduced adipocyte cell sizes caused the t10c12 CLA-treated WAT to have a higher density of nonadipocyte cell types (Fig. 2, C and  D) . The majority of the adipocytes were retained in the WAT as the ratio of the number of adipocytes in the t10c12 CLAtreated to control tissues was determined to be 0.85. The apparent 15% reduction in the number of adipocytes could be due to either cell death or a change in the adipocytes' appearance due to loss of the distinguishing lipid droplet.
T10c12 CLA Treatment Increases the Density of Macrophages in RP Tissues
T10c12 CLA treatment induces a strong inflammatory response as described below in the microarray results. The involvement of macrophages in this process was examined by confocal immunofluorescence microscopy. We counted the monocytes/macrophages containing CD68 antigen in 50 images each for the control and t10c12 CLA-treated adipose tissues. Most control tissue sections lacked macrophages although some images contained one or two macrophages (Fig.  2E ). Macrophages were more abundant in t10c12 CLA-treated tissues, and in some cases six or seven macrophages were found in the same image (Fig. 2F) . Additionally the t10c12 CLA-treated samples contained more monocytes in blood vessels ( Fig. 2G ) than in control sections (data not shown). We counted 6.5 times more CD68-labeled cells in the t10c12 CLA-treated samples compared with the controls. The t10c12 CLA-treated RP tissue weighed 6.8 times less than control tissue, indicating both tissues contained similar numbers of macrophages despite their much higher density in the t10c12 CLA-treated WAT. The number of macrophages was calculated from the tissue images to be 4% of the cells in control tissues and 8% of the cells in t10c12 CLA-treated tissues, which had lost 47% of their total cells as described above.
The above histological interpretation is supported by an increase in the expression of genes specific for macrophages (Supplemental Table 7 ). The microarray data show six-and threefold increases in CD68 (20) and F4/80 (28), respectively, as early as 2 days after t10c12 CLA feeding and persisting at ϳ10-fold for the duration of the experiment. Similar increases are seen for macrophage scavenger receptor 1 (14) and CCL2 [monocyte chemoattractant protein (MCP)-2, see Ref. 26] , and these increase by 1 day after initiating t10c12 CLA feeding (Supplemental Table 7 ). The increases in the mRNA levels of these genes is larger than the estimated twofold increase in the percentage of macrophage cells, presumably due to increased expression levels of these mRNAs in activated macrophages.
Microarray Analysis of t10c12 CLA-Induced RP Transcriptome Changes
The analysis of the GeneChip Mouse Genome 420 2.0 microarrays showed thousands of transcripts are differentially expressed as early as the first time point at 24 h after feeding mice t10c12 CLA, and most of these transcripts maintained these changes for the duration of the 17-day experiment (Table  1) . These large-scale changes in gene expression are consistent with the large-scale remodeling of the RP tissue that occurs over the treatment period. The significant changes observed for mRNAs from genes in known signaling pathways and the putative role of these pathways are shown (Table 2) . Similarly, the significant changes in Kyoto Encyclopedia of Genes and Genomes-annotated metabolic pathways are shown (Table 3) . Transcript levels from genes in individual metabolic pathways tended to increase or decrease as a group, and the majority of the pathways showed decreases in the transcript levels (Tables  2 and 3 ). As will be presented below, the directional changes in gene expression are generally conserved across multiple time points, indicating the induction or repression of individual genes are consistent over these time periods.
Lipid biosynthetic pathways. The majority of the genes in lipid biosynthetic pathways show decreased mRNA levels. These include the fatty acid biosynthesis pathways, pentose phosphate pathway, citrate cycle, oxidative phosphorylation, propanoate, butanoate, and other pathways feeding acetyl-CoA or other components necessary for fatty acid and triglyceride biosynthesis (Table 3) . Rate-limiting enzymes showing strongly reduced mRNA levels include those for ATP citrate lyase and acetyl Co-A carboxylase-␣ and -␤ (Table 4) . Other pathways associated with sterol biosynthesis and mitochondrial function were predominantly downregulated, including pathways associated with leucine, valine, and isoleucine degradation, ubiquinone biosynthesis, and several pathways involves with amino acid metabolism ( Table 3) .
Lipolysis. Downregulation of transcripts for the key lipolytic enzymes involved in transport of fatty acids out of the adipocytes included those for hormone sensitive lipase, adiponutrin, desnutrin, and monoglyceride lipase (Table 4) . Monoglyceride lipase is normally highly expressed as its transcript levels are more abundant than 99% of the mRNA signals. Hormonesensitive lipase is also highly expressed as it is in the top 95th percentile. Even after two-to sevenfold declines, their mRNA levels are still in the 90th percentile of the most abundant mRNA signals suggesting that some residual lipase activity may still be present in this pathway. The 25-40% downregulation of lipoprotein lipase would be consistent with a decline in lipid filling capacity. In contrast there is a significant upregulation of lipase A, the lysosomal acid lipase (also known as cholesterol ester hydrolase). This transcript is among the top 10% of the most abundant transcripts in the controls and rises An mRNA level was considered differentially increased or decreased if the false discovery rate-adjusted P value was Ͻ0.05. Numbers in parentheses represent values with at least a 2-fold signal change (P Ͻ 0.01). RP, retroperitoneal; CLA, conjugated linoleic acid.
to an even higher level in t10c12 CLA-fed mice. The increased transcript abundance of this gene may be associated with phagocytotic immune cells and vascular cells rather than adipocytes.
Apoptosis. Pathway analysis indicated that a number of genes involved in apoptotic signaling were differentially expressed (Table 2 and Supplemental Table 5 ). There is an induction of a number of death receptors and their ligands Listed are the conceptual signaling pathways with the total number of genes in the KEGG-derived pathways listed in parenthesis. *Gene groups where P value is Յ0.05. n.c., no change.
including TNF superfamily members, TNF ligands, and TNFresponsive genes. The p53 mRNA levels did not change, but there was a strong increase in MdM-2 mRNA, which is induced in response to p53 to foster clearance (19) . The proapoptotic genes APAF1, BAX, PMAIP1, and MCL1 were moderately upregulated. Two cell death-inducing DDFA-like effectors were strongly downregulated (CIDEA, CIDEC), and others moderately but consistently downregulated are: CARD6, CARD10, FAS, BCL2L13, BNIP3, cytochrome c, and AATK. There were strong increases in the genes involved in DNA repair, PCNA and GADD45B, and also the cell cycle arrest-associated mRNAs, CDKNA1 (pRB). Retinoblastoma nuclear protein genes individually changed consistently over time, but the transcript levels for some family members increased while the levels decreased for others. The antiapoptotic genes BCL2, BCL2-W, BAG1, and BAG4 declined in abundance. However, the antiapoptotic genes, such as BCL2L11 (BCL2-XL), BCL2A1, BAG2, and the IAP-related survival genes, including NAIP, c-IAP1, BIRC4, and survivin were strongly upregulated ( Table 2, Supplemental Table 6 ). There were increases in the proinflammatory initiator caspases 1 and 4, but relatively little induction of the other caspases. The mixture of transcript changes may reflect the different cell types and fates in the WAT. Overall the changes at the transcriptional level seem to favor cell cycle arrest and survival rather than apoptosis.
Energy expenditure. One mechanism for lipid depletion that has been proposed is an increase in energy expenditure via an increase in thermogenic energy via UCPs. UCP1 and UCP2 transcript levels increased 26-and 4-fold, at abundance levels that places them in the 95th and 90th percentiles in probe set signal strengths, respectively, These values agree with the 33-and 8-fold changes observed for UCP-1 and -2, respectively, in the quantitative RT-PCR (QRT-PCR) analysis (Tables 5 and  6 ). These increases occurred 3-7 days after t10c12 CLA treatment initiation, which is about when the most rapid fat loss occurs (Fig. 1) . Additionally, carnitine palmitoyltransferase 1 (CPT1) mRNA levels were increased ( Table 4 ). The combination of increased transcript levels for UCP1 and CPT1 suggests increased fatty acid oxidation is occurring.
Adipocyte transcription factors. Key transcription factors regulating adipocyte differentiation and gene expression had reduced expression levels as early as 24 h after t10c12 CLA treatment. These include PPAR-␥, CAAT/enhancer binding protein (C/EBP)-␣, retinoic acid receptor-x, and SREBP1 (Table 7). There was also a transient downregulation on day 1 of other transcriptional factors such as PPAR-␥ coactivator 1␣ and ␤ (Table 7 ). The changes in the transcripts for PPAR-␥ and C/EBP-␣ were confirmed by QRT-PCR (Tables 5 and 6 ) as were changes for preadipocyte factor-1 (Pref-1) and fatty acid binding protein. The reduced expression of the transcription factors that regulate the development and maintenance of For comparative gene expression, the microarray probe set signal values for the UCP1 and UCP2 at day 7 are higher than 98 or 95 percent of the genes on the microarray, respectively. adipocyte physiology is consistent with the sustained reduction of the mRNA transcripts for enzymes in metabolic pathways associated with lipid and fatty acid anabolic pathways (Tables  3 and 4 ). For example, the PPAR-␥-modulated genes that are downregulated include key metabolic genes such as aP2, SCD, LPL ACC, FASN, and Glut4 (Table 4) .
Downregulation of lipin 1 in adipose tissue. Lipin 1 transcripts were consistently downregulated two-to sevenfold by t10c12 CLA treatment at the different time points (Table 7) . The lipin 1 gene (Lpin1) may play a role in t10c12 CLAmediated lipid loss because a genetic mutation of the gene causes a lypodystrophy (38) with symptoms remarkably similar to the syndrome caused by t10c12 CLA feeding. Two alternatively spliced Lpin1 variants have been characterized, lipin-␣ and lipin-␤. The microarray probe sets either were specific for the larger lipin-␤ transcript or detected the mRNA portions in common between the two forms. RT-PCR primer sets that distinguish these two forms (37) were used both to confirm the microarray expression results and to better distinguish the two types of mRNAs by QRT-PCR of mRNA from control and t10c12 CLA-treated RP tissues (Table 5 ). There was a transient increase in the relative mRNA abundance for lipin-␣ on day 1 and modest reductions in expression thereafter. The significant differential downregulation of lipin-␤ was confirmed ( Table 5 ). The relative abundances of the two alternatively spliced Lpin1 mRNAs were determined by performing endpoint RT-PCR using two primers that produce different size products for the lipin-␣ and lipin-␤ mRNA forms. The lipin-␤ mRNA form was found to be the major form of Lpin1 mRNA in the adipose tissues (Supplemental Fig.  3 ). This is in contrast to the higher relative ratio of the lipin-␣ form in 3T3L1 mRNAs (Ref. 37 and Supplemental Fig. 3) . The significant reduction of the much more abundant lipin-␤ mRNA is consistent with the microarray results, as the more modest changes in the lipin-␣ mRNA would not contribute to detectable differences on the microarray probe set that detects the combined amounts of both of the Lpin1 mRNAs splice isoforms. The values represent fold-change relative to control where control ϭ 1.0. A full subset is available in the supplemental data set.
Chemokines and inflammation. IL-6 increased within a 24-h period, was slightly elevated at 48 h, and subsided at later time points. Sustained increases in the levels of the mRNAs of TNF-␣-responsive receptors and responsive genes were found over the longer term (Table 8). Increases in mRNAs of IL1B,  IL10, IL15, IL17, and in the receptors IL1RN, IRAKB, ILR1,  IL10R; IL10RA, IL10RB, IL17R, IL13R, IL13RA, and IL2RT were also observed. The mRNA levels for the NFKB family of related proteins NFKBIA, NFKBIB, NFKBIE, and NFKIBIZ also increased.
Extracellular factors (CCL7 or MCP-7) CCL4 or MPlB are increased as are other cytokines and cytokine receptors. At least 28 CXCL or CCL motif genes were strongly induced (2-to 30-fold) in the RP tissue as a result of t10c12 CLA feeding. An examination of the signaling pathways impacted ( Table 2) shows 8 of the 20 pathways listed are directly involved in inflammation, including IL-6, IL-2, IL-4, JAK/STAT, Beta cell receptor, chemokine, ERK/MAPK, and phosphatidylinositol 3-kinase/AKT signaling. Finally, a high proportion of the transcription factors with relatively strong signal increases is known to be associated with responses to inflammation and TNF-␣ or NF-B modulation (Supplemental Tables 2 and 5) , strengthening the conclusion of a strong inflammatory response. 
DISCUSSION
A range of feed intake responses have been found in mice, for a number of different genotypes, that were fed mixed or pure isomers of CLA. These reports generally agree that differences in feed intake, when observed, do not account for CLA-induced WAT weight loss (17, 22, 36) . For example, AKR/J male mice fed a diet containing 1% of mixed isomers of CLA, containing 41% of the t10c12 CLA isomer, showed no reduction in feed intake or body weight relative to control mice after 2 wk of feeding while maintaining a 40% reduction in RP WAT mass (10) . In a prior study from the same group, a suppression of feed intake was observed that was later interpreted to be possibly due to feed aversion resulting from simultaneous changes in diet and CLA treatment (10) . Reductions in feed intake (11%) and total body weight were observed with MC colony mice fed a diet containing a 0.5% CLA as a mixture of c9t11 and t10c12 isomers with a concurrent loss of 49 -70% of the mass of the RP WAT (18) . However, a second study under the same conditions with ML or MH colony mice showed no reduction in feed intake or body weight while still showing similar reductions in body fat (18) . The range of WAT weight losses reported in different studies may be due to diet-genotype interactions, but this has not been conclusively demonstrated. We found no reduction in feed intake or body weight in our study, facilitating the assignment of the 75% or more reduction in RP WAT weight to the metabolic effects of consuming dietary t10c12 CLA.
A common and surprising finding in many CLA-feeding experiments is that the total body weights of control and treated animals are often similar despite the reduced fat content of the CLA-fed mice. This can be explained in part by the increase in liver and spleen size in some experiments (10, 18, 50) and the reduced caloric content of the carcasses of the CLA-fed animals (48) . In this latter study BALB/c male mice were fed mixed CLA isomers containing 0.45% t10c12 CLA for 39 days. The body weights of the CLA-fed mice were 96% of the controls, but the energy content of these mice was only 63% of the control mice due to a decrease in fat content and increase in water content (48) .
A recent study of the transcriptome response of obese mice fed 1% t10c12 CLA for 5 or 14 days found a 30% weight loss in epididymal adipose tissues and evidence of expression changes for genes involved with apoptosis, energy expenditure, fatty acid oxidation, lipolysis, inflammation, lipogenesis, and blockage of preadipocyte differentiation (21) . The number of gene expression changes was relatively small with only 29 and 125 genes altered twofold or more (P Ͻ 0.01) after 5 and 14 days, respectively (21) . Our experiments with RP adipose tissues found between 2,682 and 4,216 genes changed expression levels by at least twofold (P Ͻ 0.01, Table 1 ). The classes of transcript changes generally agree with those found in the earlier study (21) and considerably expand the description of genes that respond to t10c12 CLA. This larger number of detected changes resulted from the recent availability of the Affymetrix GeneChip Mouse Genome 420 2.0 microarray that surveys over 34,000 mRNA transcripts.
Apoptosis
Our histological data indicate the major mechanism of delipidation is not mediated by apoptosis. We found at least 85% of the number of adipocytes in the control WAT are still present in the WAT under conditions where the treated tissue has lost 75% or more of its mass. This is consistent with results from our and other studies showing reduced adipocyte size is the major effect of t10c12 CLA (1, 4, 9) . Some studies have found indications of apoptosis (18, 34, 50) , although the percentage of the cells lost from the tissues was not established in those studies. We observed a 47% loss of total cells present in the WAT when the tissue lost 75% or more of its mass. The extent of cell loss may depend on the extent of WAT mass loss, which also varied between studies (reviewed in Refs. 22 and 35) . CLA has been reported to inhibit preadipocyte differentiation in 3T3-L1 cells (3, 27) , possibly causing the observed adipocyte loss through the lack of replacement of older adipocytes. The reduction in the transcript levels of many key adipocyte differentiation factors such as PPAR-␥ and C/EBP-␣ is likely to prevent preadipocytes from differentiating (12) although we did not see an accumulation of the Pref-1 transcript that is diagnostic of preadipocytes (44) . Transcripts of genes involved in apoptotic pathways were found to be both increased and decreased with no clear conclusion about the activity of these pathways apparent from the changes in transcript levels alone. This may be due in part to the different cell types in the WAT and in part to the posttranscriptional nature of the major part of the apoptosis machinery.
Changes in Energy Import, Biosynthesis, and Storage
Two major sources of metabolites that are converted and stored in the adipocytes' lipid droplet are glucose, imported via the insulin sensitive glucose transporter system, and fatty acids, available from the hydrolysis of extracellular VLDL bound triglycerides via lipoprotein lipase (32) . Our results agree with and extend previous reports showing a large decrease in transcripts for genes responsible for glucose and fatty acid uptake (21) , including the insulin-sensitive glucose transporter gene GLUT4 (9), the facilitated glucose/fructose transporter member SLC2A5, and numerous genes for biosynthesis of fatty acids (Table 4) . Additionally, most of the transcripts involved with anabolic processes such as gluconeogenesis, citrate acid cycle, fatty acid metabolism, proprionate, buturonate, and sterol biosynthesis were strongly downregulated (Tables 3 and 4) , indicating a greatly reduced capacity for the biosynthesis of fatty acids and sterols. This is consistent with the increased insulin resistance observed in many studies in CLA-fed mice (reviewed in Ref. 22) and is in agreement with the experimental observations demonstrating uptake of glucose and fatty acids is reduced in cultured human adipocytes (4) .
Additional genes with reduced mRNA levels that are expected to reduce TG synthesis include a key subunit of acylation-stimulating protein (31), caveolin I (41), and Lipn1 (39) . Recent studies with the yeast lipn1 homolog PAH1 and mammalian LIPN1 protein indicate they have a phosphatidate phosphatase activity that regulates the flow of phospholipids into membranes or TAG production (15) . When the PAH1 protein is absent or phosphorylated, an excess of phospholipids and reduced amounts of TAG are produced. This new biochemical role of LIPN1 may indirectly account for gene expression changes previously considered to be a direct regulatory affect on transcription (15, 42) . The reduction in the mRNA levels for the carbohydrate responsive element binding protein (ChREBP) is also a likely factor because ChREBPdeficient mice show symptoms of reduced adiposity and downregulation of lipid biosynthetic enzymes (23) .
Increased Energy Expenditure
Evidence suggesting an increased cellular energy expenditure in RP tissues is the 26-and 4-fold increase in mRNA levels for UCP1 and UCP2, respectively. Similar results of increased UCP1 or UCP2 transcript or activity levels have been observed in some (18) but not other studies of CLA-fed mice (21, 53, 54) . UCP1 plays a role in mitochondrial energy expenditure, whereas UCP2's role is still emerging and appears not to be involved in thermogenesis (29, 43) . Further supporting a possible increase in cellular energy expenditure was the increase in CPT1 mRNA. CPT1 is considered a rate-limiting step in fatty acid beta-oxidation in the mitochondria (2) and has been previously observed to increase in CLA-fed mice (36) and rats (30) . CLA-fed mice have been reported to have an increased energy expenditure, and 74% of the energy loss was found to be due to increased metabolic heat output (49) . The large UCP1 and CPT1 transcript increases observed in this study and by others (21, 22) suggest that caloric energy expenditure via mitochondrial heat loss in the WAT of the t10c12 CLA-fed mice is occurring. The reduced mRNA levels of regulatory factor Rip140 observed may be part of the mechanism responsible as mice knockouts of this gene show increased UCP1 and CPT1 levels (7, 40) .
Energy Export
Lipolysis of the TGs in the lipid droplet and export of free fatty acids and glycerol make up the major means of energy export from living adipocytes. An increased rate of lipolysis has been reported for cultured adipocytes (5), but no increase in rate was found in CLA-fed mice (55) . The two-to sevenfold declines in the levels of the transcripts of the key lipolytic enzymes involved in fatty acid transport out of in t10c12 CLA-treated adipocytes indicate a reduced rate of hydrolysis is likely occurring, but some residual hydrolytic activity is likely as these transcripts are still in the 90th percentile of the most abundant mRNA signals.
Signaling and Inflammation
The current limited understanding of the initial molecular responses to t10c12 CLA include a desaturation step by a delta-six desaturase that is required to produce an active t10c12 CLA metabolite (16) , activation of a PTX-sensitive GPCR, activation of the U1026-sensitive MEK/ERK pathway, activation of kamebakaurin-sensitive NF-B pathway, and induction of IL-6 (4). IL-6 was necessary for the CLA response in cultured human adipocytes (4) and was highly induced 24 h after t10c12 CLA treatment in the present analysis. Its levels declined to normal values after 48 h. The role TNF-␣ plays is unclear (8) , and TNF-␣ mRNA levels increased by 20% or less in our experiments. A transient increase in TNF-␣ was observed at 3 h after CLA treatment in cultured human adipose cells (8) and might have subsided before our earliest time point at 24 h. Evidence for IL-1␤ as a means to activate NF-B was the sustained upregulation of IL-1␤-and IL-1␤-induced genes CASP1, CASP IV, and PTX3 (Table 8) . Either TNF-␣ or IL-1␤ signals are capable of activating NF-B via the NF-B kinase. Activated NF-B and ERK1/2 may constitute key steps to induce the inflammatory response (8) , including IL-6 induction and reduction of PPAR-␥ activity, one of the key adipocyte regulatory proteins (33) . The mRNA levels increased for some members of the NF-B family including IBKB, IBKG, and the inhibitors of NF-B activation, NFBIA and NFBIB, possibly due to feedback mechanisms to regulate the inflammatory responses. Our microarray analyses are consistent with activation of these pathways, particularly with the large changes in cytokine transcript levels described below.
The numerous cytokines transcripts that change in abundance in response to t10c12 CLA feeding can be organized into two classes (Table 8) : 1) those secreted factors associated with endocrine and paracrine functions that declined, including leptin, resistin, adiponectin, adipsin, and visfatin; and 2) the Ͼ50 mRNAs associated with inflammation that increased, including IL-1, 6, 10, 15, and 17, and the receptors IL1RN, IRAKB, ILR1, IL10R, IL10RA, IL10RB, IL17R, IL13R, IL13RA, and IL2RT. Additionally, the transcripts increased for Ͼ30 of the CXC and CC ligand family of cytokines and extracellular factors (CCL7 or MCP-7), CCL4 or MPlB (Table  8 and Supplemental Table 4 ).
Summary
One limitation of WAT mRNA transcript array data is that it averages the transcript abundance across the several major cell types in WAT including adipocytes, stromal-vascular and connective fibroblasts, vascular endothelial cells, and immune cells. Nonetheless several trends are apparent. The t10c12 CLA-mediated mRNA changes suggest that the dynamic equilibrium of fatty acid turnover in WAT (25) could be shifted toward net export because very little import or biosynthesis appears to be occurring while presumably maintaining a reduced export capability. Sustained conditions of very little import and recurring export could result in considerable depletion of the lipid droplet. Together with an increase in cellular energy expenditure, reduced preadipocyte differentiation due to reduction of key regulatory proteins, and cell loss due to apoptosis, these combined changes seemingly account for the severe lipid and tissue loss observed in RP tissues. The surprisingly large contingent of induced cytokine-related genes may accelerate this process.
